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1. Introduction
Molecular transport through polymers has become
a subject with a variety of challenges and opportu-
nities for practitioners of chemical engineering and
applied chemistry in recent years. The knowledge
of the performance of polymers in the environment
of hazardous solvents, vapours and temperature is
essential for their successful applications as struc-
tural engineering materials. The diffusion and per-
meation properties of polymers play a very major
role in designing food packaging materials [1], sol-
vent reservoirs [2], pervaporators [3], controlled
release devices [4, 5] etc. In order to examine the
suitability of a membrane as a barrier material, it is
essential to acquire a thorough understanding of its
interactions with liquids and vapours.
The influence of carbon black on solvent transport
through elastomer networks has gained the atten-
tion of scientists for many years. Guth studied the
effect of filler reinforcement in elastomers in detail
[6]. Porter [7] studied the degree to which the addi-
tion of HAF black reduced the swelling of conven-
tionally vulcanized NR in n-decane. De Candia
et al. [8] investigated the transport properties of
networks filled with carbon black, in order to
obtain information about rubber-filler interactions.
Kwei and Kumins [9] found that the sorption of
chloroform by an epoxy resin was lowered by
about 70% when 5% filler was added. Anfimova et
al. [10] reported the equilibrium swelling in ben-
zene of NR vulcanizates having different degrees
of crosslinking, filled with technical carbon. The
diffusivity and solubility of argon, methane, oxy-
gen, and carbon dioxide in two EPDM based poly-
mers, one formulated with 34 wt% carbon black
and the other without carbon black, have been stud-
ied by Rutherford et al. [11]. A linear relationship
was observed between the amount sorbed material
and pressure for all gases, indicative of Henry’s law
behaviour. Choi [12] examined the influence of
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both silica and carbon black filled compounds, the
bound rubber content was found to increase with
increase in filler-rubber content ratio and decrease
with increasing extracting temperature. Activation
energy for the extraction of the unbound and
loosely bound rubbers became higher as the total
filler content increased. Many other reports includ-
ing those from our laboratory exist regarding car-
bon black-elastomer interaction and their influence
on the mechanical and solvent transport properties
of black filled elastomers [13–19].
The main goal of the present chapter is to study the
effects of three different types of carbon black
fillers viz. semi-reinforcing furnace (SRF), high
abrasion furnace (HAF) and intermediate super
abrasion furnace (ISAF) on the cure and solvent
transport properties of EVA. These properties of
the composites were evaluated in terms of particles
size and loading of filler.
2. Experimental
2.1. Materials
EVA used in the present work is obtained from
Polyolefin Industries Limited, Chennai, India. The
vulcanizing agent used, dicumyl peroxide (40%
active), was of commercial grade. The solvents such
as benzene, toluene and xylene were obtained from
E. Merck (India) Ltd., Mumbai, India and were of
reagent grade (99%). The properties of the solvents
are given in Table 1. The carbon black fillers, SRF
(N220), HAF (N330) and ISAF (N770) were of
commercial grade. The properties of the fillers are
given in Table 2.
2.2. Mixing
The mixing of EVA with various ingredients was
carried out on a two-roll mixing mill (150 mm ×
300 mm) with a friction ratio 1:1.4 as per ASTM
D15-627. The EVA granules were sheeted out first
and then the mixing was carried out. The amount of
curing agent, dicumyl peroxide (DCP), was kept
constant (4 phr) for all the mixes. Special attention
was taken to attain uniform filler distribution. The
loading of the fillers are varied as 10, 20, 30, 40 and
50 phr. The formulation of the mixes are given in
Table 3.
2.3. Cure characteristics and vulcanization
The cure characteristics were studied by means of
an oscillating disc rheometer (Monsanto Rheome-
ter MDR-2000, USA) as per ASTM standard
D-5289 (2001). The samples were vulcanized at
160°C using a hydraulic press, having electrically
heated platens, under a pressure of 689.4 kPa
(mould dimension:150 × 150 × 2m m 3) to their
respective optimum cure time as obtained from the
rheographs. Moulds were cooled quickly in water
after the curing process. The moulded samples
were stored in a cool and dark place for 24 hours.
2.4. Bound rubber content estimation
The bound rubber content was estimated according
to the procedure suggested by Leblanc and Hardy
[20], using benzene as the solvent. About 1 g of
filler loaded non cured EVA sample was cut into
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Table 1. Properties of the solvents
Table 2. Properties of carbon black
Table 3. Formulations of EVA/carbon black mixes [phr]
Sample
code
Ingredients 
EVA SRF HAF ISAF
G 100 – – –
S10 100 10 – –
S20 100 20 – –
S30 100 30 – –
S40 100 40 – –
S50 100 50 – –
H10 100 – 10 –
H20 100 – 20 –
H30 100 – 30 –
H40 100 – 40 –
H50 100 – 50 –
I10 100 – – 10
I20 100 – – 20
I30 100 – – 30
I40 100 – – 40
I50 100 – – 50
Solvents
Molecular
weight
Density
[g/cc]
Boiling point
[°C]
Benzene 078.11 0.874 079
Toluene 092.14 0.867 109
Xylene 106.17 0.860 137
Carbon black
type
Particle size
[nm]
DBP
absorption
[cm3/g]
Pour density
[g/l]
SRF 61–100 0.70 375
HAF 26–30 1.05 375
ISAF 20–25 1.15 345small pieces and kept immersed in 150 ml benzene
for 72 hours at room temperature. The solvent was
filtered off, and the remaining sample was dried for
a few hours at room temperature and then for
24 hours under vacuum at 40°C. Complete drying
was checked by a constant final weight. Similar
methodology has been adopted in many works
before [21–24].
The amount of BR (in percentage of initial rubber
content of the compound) has been calculated from
the Equation (1):
(1)
where CPD is the total formulation (in phr); M0 is
the initial weight (bottle + unextracted sample), Mb
is the empty bottle weight and Me is the final
weight (bottle + extracted sample) when dried.
2.5. Sorption experiments
The samples for sorption experiments (ASTM
D-471) were punched out in circular shape of diam-
eter 1.9 cm and thickness 0.2 cm were dried in a
vacuum desiccator over anhydrous CaCl2 at room
temperature for about 24 h. The original weights
and thicknesses of the samples were measured
before sorption experiments. They were then
immersed in solvents (15–20 ml) taken in closed
diffusion bottles, which were kept at constant tem-
perature in an oven. The samples were removed
from the bottles at periodic intervals, dried between
filter papers to remove the excess solvent on their
surfaces and weighed immediately using an elec-
tronic balance (Shimadzu, Libror AEU-210, Japan)
that measured reproducibly within ±0.0001 g. They
were then placed back into the test bottles. The
process was continued until equilibrium swelling
was achieved. Since the weighing was done within
40 seconds, the error associated with the evapora-
tion of solvents is negligible. Similar methodology
has been adopted by several researchers [25–27].
The experiments were duplicated or triplicated in
most cases. The results of the sorption experiments
have been expressed as moles of solvent sorbed by
0.1 kg of the sample, Qt mol%, given by Equa-
tion (2). The Qt values obtained thereby have been
plotted as a function of square root of time, to con-
struct the sorption curves.
The thickness and diameter of the samples before
and after swelling were determined by using gauge
micrometer and vernier calipers respectively.
3. Results and discussion
3.1. Cure characteristics
Figure 1 shows the rheographs of EVA filled with
three different types of carbon black at 10 phr filler
loading. For all the mixes, the torque increases with
time and levels off later. The increase in torque
with time is due to the crosslinking of the mixes
while the leveling off is an indication of the com-
pletion of curing. The maximum torque (MH) gives
an idea about the crosslink density and degree of
reinforcement of the filler in the matrix. MH has
been found to be higher for the filled samples com-
pared to pure EVA. The increase in MH value is due
to the increased restriction to polymer chain mobil-
ity and viscosity of the mixes caused by filler rein-
forcement.
Figure 2 shows the MH values of the mixes at dif-
ferent filler loading. Among the black filled EVA
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Figure 1. Rheographs of EVA filled with different types
of carbon blacks at 10 phr filler loadingsamples, the ISAF filled sample shows the highest
MH value followed by HAF and then SRF filled
mixes for a given loading. This has been attributed
to the difference in particle size of the fillers used.
For a given loading of the filler, the effective sur-
face area increases with decreasing particle size. As
the surface area of the filler increases, the filler-
polymer interaction increases resulting in higher
degree of reinforcement. Therefore ISAF, having
the lowest particle size among the fillers used,
shows the maximum reinforcement in the matrix
and hence the highest MH value. SRF having the
highest particle size gives the minimum value of
MH, while that of HAF filled samples lies in
between.
From Figure 2, it is also clear that the torque value
increases with increased filler loading. The incre-
ment in torque values with increase in filler content
indicates that as more and more fillers get rein-
forced into the matrix, the mobility of macromolec-
ular chains of EVA gets reduced resulting in more
rigid vulcanizates.
3.2. Bound rubber content (BR)
Bound rubber is the rubber portion that can no
longer be separated from the filler when a rubber
batch is extracted in a good solvent over a specific
period of time, usually at room temperature. It is a
measure of the interaction between the polymer and
the filler [12]. During the milling process, polymer
chain molecules become attached to reinforcing
fillers. Therefore they are no longer soluble in usual
solvents. This process is the basis for the formation
of bound rubber. It continues after mixing and
eventually a system of interconnecting chains and
particles results, which appears as an insoluble
fragile gel containing filler and part of the bound
rubber.
Table 4 shows the bound rubber (BR) content of
EVA loaded with different carbon blacks. The
bound rubber content has been found to be in the
order: ISAF > HAF > SRF filled EVA. Bound rub-
ber results in the formation of gel like structures
and enhances the bonding between individual poly-
meric chains. Therefore polymer chain mobility
within the matrix is minimum for ISAF loaded
samples and maximum for SRF loaded samples.
3.3. Sorption properties
3.3.1. Effect of filler loading
Figures 3 and 4 show the sorption curves of unfilled
and carbon black filled EVA at 28°C in benzene
and toluene respectively. It can be seen from the
figures that the loading of EVA with carbon black
reduces the mol% solvent uptake. Vulcanization
restrains the long-range movements of the polymer
molecules but leaves their local segmental mobility
high [28]. Reinforcement restricts these local free-
doms of movement and thereby improves the sol-
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Figure 2. MH values of EVA/carbon black mixes at differ-
ent filler content
Figure 3. Mol% benzene uptakes by gum EVA and
EVA/carbon black composites at 10 phr filler
loading
Table 4. Bound rubber content [%]
Type of filler Bound rubber content [%]
SRF 42.84
HAF 45.21
ISAF 47.26vent resistance. The fillers form chemical as well as
physical crosslinks with the polymer chains,
because of which the polymer segments in a certain
zone around the filler experiences certain immobi-
lization. This complex crosslink clusters prevent
the rearrangement of the polymer chains during
solvent ingression and reduces the free volume in
the composite, thereby causing resistance to the
path of penetrants. Figure 5 gives a schematic rep-
resentation of the filler reinforced polymer matrix.
It is also clear from Figures 3 and 4 that EVA
loaded with ISAF absorbs the lowest amount of
solvents and that with SRF takes up the highest.
The samples loaded with HAF take an intermediate
position. For a given void, fillers with lower parti-
cle size make a more compatible filling than those
with higher particle size. The reinforcement of
EVA by ISAF black, having the lowest particle size
and the highest bound rubber content among the
fillers used, causes reduced polymer chain mobility
and free volume in the matrix. The SRF black filled
composite shows a higher level of solvent uptake
because of their high particle size and lower bound
rubber content. The reinforcement by HAF lies in
between these two. Figure 6 shows a pictorial rep-
resentation of reinforcement of different types of
fillers in EVA matrix. Another reason for the
higher reinforcement of ISAF black might be the
large number of oxidative groups in their surfaces
such as quinone (> =O), phenol (> –OH), car-
boxylic acid (> –COOH) and lactone (> –COO–)
[29] which result in a higher polarity.
Figure 7 shows the mol% benzene uptake by SRF
filled samples at different filler loadings. Solvent
386
Dasan et al. – eXPRESS Polymer Letters Vol.2, No.5 (2008) 382–390
Figure 4. Mol% toluene uptake by EVA and EVA/carbon
black composites at 10 phr filler loading
Figure 5. Pictorial representation of (a) unvulcanized
polymer, (b) vulcanized polymer, (c) filled poly-
mer
Figure 6. Pictorial representation of reinforcement of
EVA with fillers of different particle sizeuptake has been found to be reduced further with
increased filler content. This is due to the decreased
free volume and polymer chain mobility in the
composite with increased filler concentration.
3.3.2. Crosslink density
The crosslink density (ν) of the present systems has
been estimated by using the Equation (3) [30]:
(3)
where Mc is the molar mass between crosslinks in
the composites, given by the Equation (4) [31]:
(4)
where Vs is the molar volume of the solvent used,
ρp is the density of the polymer and χ is the poly-
mer-solvent interaction parameter. Vrf, the volume
fraction of polymer in the solvent swollen filled
composite sample, is given by the Equation (5)
[32]:
(5)
where d is the deswollen weight of the sample, f is
the volume fraction of filler in the dry composite
sample, w the initial weight of the composite sam-
ple, ρs is the density of the solvent and As, the
weight of solvent in the swollen sample.
Figure 8 shows the ν and MH of EVA/carbon black
composites as a function of the particle size of the
filler used. The solvent used was benzene. Both ν
and MH of the composite have been found to be
increasing with decreased particle size of the fillers.
3.3.3. Diffusion coefficient
Diffusion coefficient is a kinetic parameter related
to the polymer segmental mobility, penetrant nature
and to the different crosslinks present in a polymer
matrix. The diffusion coefficient of a polymeric
material immersed in a solvent can be calculated
using the Equation (6) [33]:
(6)
where Qt and Q∞ are the mol% uptake at time t and
at equilibrium respectively and m is an integer. D is
the diffusion coefficient and h is the initial thick-
ness of the sample. The above Equation (7) can be
solved for short time limiting as:
(7)
A plot of Qt versus  is linear at short times. By
rearranging Equation (7), the overall diffusion
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Figure 7. Mol% benzene uptake by EVA and EVA/SRF
composite at different filler loading
Figure 8. Crosslink density (ν) and maximum torque (MH)
of EVA/black composites as a function of parti-
cle size of fillercoefficient can be calculated using the Equation (8)
[34]:
(8)
where θD is the slope of the initial portion of the
plots of Qt versus  . A correction for swelling is
made by incorporating Vrf, thus giving intrinsic dif-
fusion coefficient D* as Equation (9) [35]:
(9)
The values of D* at 28°C for 10 phr filler loaded
EVA composites are given Table 5. It can be seen
from the table that for a given solvent, the diffusion
coefficient values are in the order: SRF > HAF >
ISAF filled composites. The diffusion coefficient
for gum sample is higher than that of the compos-
ites.
3.3.4. Mode of transport
The mechanism of transport can be computed from
the swelling data using the Equation (10) [36]:
(10)
where k indicates the interaction between the pene-
trant and the polymer and n represents the mode of
transport. Taking log on both the sides, Equa-
tion (10) becomes Equation (11):
(11)
The value of n suggests the mode of transport. For
the normal Fickian mode of transport, where the
rate of polymer chain relaxation is higher compared
to the diffusion rate of the penetrant, the value of n
is 0.5. When n = 1, the transport approaches non-
Fickian behaviour, where chain relaxation is slower
than the liquid diffusion. If the value of n is in
between 0.5 and 1, the mode of transport is classi-
fied as anomalous. k is a constant depending on the
interaction between the rubber and solvent. The
estimated values of n and k for different systems are
given in Table 6. It can be seen that the diffusion
process in the present case deviates from the regu-
lar Fickian trend, observed with conventional rub-
bers, and can be classified as anomalous. Devia-
tions from the Fickian sorption are associated with
the time taken by rubber segments to respond to
swelling stress and rearrange themselves to accom-
modate the solvent molecules. The reinforcement
with the filler particle imparts a high degree of
restriction to the rearrangement of rubber chains.
Thus the observed anomalous diffusion involves
the counteraction between the ability of the rubber
segments to rearrange in the presence of solvents
and the restriction imparted to this by the rein-
forced filler particles. The k values decrease with
increase in the molecular size of the penetrants
from benzene to xylene, indicating decreased poly-
mer-solvent interaction.
3.3.5. Sorption-desorption-resorption (S-D-RS)
experiments
A S-D-RS experiment was carried out to study the
physical changes in the matrix with solvent trans-
port [37]. The solvent saturated samples were des-
orbed completely, and then allowed to sorb the
solvent again. The S-D-RS curves of sample S10 in
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Table 5. Values of diffusion coefficient at 28°C
Sample
D·108 [m2/s]
Benzene Toluene Xylene
G 1.50 1.40 1.28
S10 1.12 1.01 0.95
H10 0.94 0.88 0.81
I10 0.93 0.83 0.75
Table 6. Values of n and k
Sample
n k·102 [min–1]
Benzene Toluene Xylene Benzene Toluene Xylene
G 0.64 0.68 0.69 2.14 2.10 1.98
S10 0.71 0.74 0.75 2.21 1.90 1.89
H10 0.72 0.75 0.76 1.90 1.89 1.78
I10 0.74 0.76 0.77 2.11 1.99 1.89benzene and H10 in toluene are given in Figures 9
and 10 respectively. The mol% equilibrium solvent
uptake for the resorption curve is found to be
slightly higher than that of sorption curve. After a
sorption-desorption cycle, the available free vol-
ume within the polymer matrix and the polymer
segmental mobility increases and hence, the subse-
quent resorption process is different from that of
the sorption process. Figures 9 and 10 also reveal
that the rate of desorption is higher than that of
sorption. In the sorption process, the solvent mole-
cules have to penetrate into the tightly packed net-
work and hence the rate of penetration process is
low. In the desorption process, the escape of sol-
vent molecule from the relaxed polymer chain
takes place more easily.
4. Conclusions
The cure characteristics and solvent transport
behaviour of black filled EVA have been studied.
The MH of the composites exhibited a decreasing
trend with increasing particle size and an increasing
behaviour with content of filler. The solvent uptake
trend of EVA has been observed to be reduced by
carbon black incorporation. Among the filled sam-
ples the ISAF filled sample showed the lowest sol-
vent uptake followed by HAF and then SRF filled
samples. The mode o transport in all the cases has
been observed to be anomalous. The S-D-RS exper-
iment carried out showed that the composites
accommodate more solvent after a sorption-desorp-
tion cycle.
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